All relevant data are within the paper and its Supporting Information files.

Introduction {#sec001}
============

Metals have been considered highly toxic pollutants and their presence in the environment has been increased in the last decades due to anthropogenic activities \[[@pone.0131815.ref001]\]. Aquatic ecosystems can be exposed to a great variety of metals whose chemical forms and concentrations are determined by different processes \[[@pone.0131815.ref002]\]. They can be distinguished in essential metals, which are required to support biological activities, and non-essential metals with unknown biological functions \[[@pone.0131815.ref003]\]. Some metals, including cadmium, have been extensively studied for many years \[[@pone.0131815.ref004]\] and many features have been identified such as the environmental persistence, the capacity of long-range transport, the bio-magnification along the food chain and bio-accumulation in animal tissues and the potential impact on humans and environmental health \[[@pone.0131815.ref005]\]. Other metals, such as manganese, essential in low amount in the organisms but toxic at high concentrations \[[@pone.0131815.ref006], [@pone.0131815.ref007]\], have only recently begun to be explored as emergent factors in the environmental contamination for the increasing production of metal-containing compounds. Both metals also differ in many aspects. Cadmium is one of the most widely distributed and dangerous pollutants for marine organisms \[[@pone.0131815.ref008]--[@pone.0131815.ref010]\]. Its concentration in the sea ranges from 10^−3^ to 2 μg/L depending on different factors, such as seawater latitudes \[[@pone.0131815.ref011], [@pone.0131815.ref012]\], depth \[[@pone.0131815.ref013]\] and pollution of different sites \[[@pone.0131815.ref014]--[@pone.0131815.ref016]\]. In some particular cases due to urbanization and industrialization, higher levels (0.2--72 mg/L) have been reported \[[@pone.0131815.ref009], [@pone.0131815.ref017]\]. Manganese, on the other hand, is a naturally occurring metal, toxic only at high levels \[[@pone.0131815.ref018]--[@pone.0131815.ref020]\]. Manganese concentration in marine environments is governed by pH, oxygen concentration and redox conditions. In natural sea water it ranges from 10 to 10,000 μg/L \[[@pone.0131815.ref021]\] but during hypoxia can reach values up to 22 mg/L \[[@pone.0131815.ref022], [@pone.0131815.ref023]\]. Toxic effects of metals have been investigated using different marine model systems and performing various biological assays/tests. The sea urchin *Paracentrotus lividus*, a key species in the Mediterranean sea, provides a unique and suitable tool for the evaluation of metal toxicity. The easy gamete preparation, the embryo transparency useful to detect several kinds of malformations, the relative synchrony and rapidity of development and the embryos/larvae sensitivity make the planktonic life stages suitable for embryo-toxicity tests \[[@pone.0131815.ref024], [@pone.0131815.ref025]\] and monitoring or risk assessment programs \[[@pone.0131815.ref015]\]. Moreover, *P*. *lividus* life is influenced by human activities, especially in the coastal zones \[[@pone.0131815.ref026]\]. These characteristics, together with its world-wide distribution, abundance and sedentary habits, prompted also the use of adult sea urchins as biological--biochemical indicators of local pollution \[[@pone.0131815.ref025], [@pone.0131815.ref027], [@pone.0131815.ref028]\].

The toxic effects of cadmium and manganese on sea urchin developing embryos have been extensively investigated \[[@pone.0131815.ref006], [@pone.0131815.ref007], [@pone.0131815.ref009], [@pone.0131815.ref029]--[@pone.0131815.ref033]\]. Recently, we have demonstrated that the physiological messenger nitric oxide (NO), produced by NO synthase (NOS) trough oxidation of L-arginine, mediates the stress response induced by environmentally relevant concentrations of cadmium and manganese in *P*. *lividus* developing embryos. Moreover, by using pharmacological and molecular approaches we found that the transcriptional expression of some metal-induced genes involved in stress response, skeletogenesis, detoxification and multi-drug efflux was directly or indirectly regulated by NO \[[@pone.0131815.ref010]\]. Interestingly, NO is also involved in the response of *P*. *lividus* embryos to the toxic diatom-derived aldehyde decadienal \[[@pone.0131815.ref034]\]. On the contrary, only few studies have been performed to understand the effects of metals on adult sea urchins and their offspring. The progeny of *Strongylocentrotus intermedius* sea urchin, collected in the coastal zone of Amur Bay, characterized by an extensive pollution, showed a delayed development together with a large number of anomalies \[[@pone.0131815.ref008], [@pone.0131815.ref035], [@pone.0131815.ref036]\]. Similar results were also obtained in other studies on sea urchins collected from other polluted habitats (e.g. Naidenko) \[[@pone.0131815.ref037]\]. In *Sphaerechinus granularis* from the Bay of Brest, a large number of blocked and delayed embryos were observed, due to the presence of high levels of heavy metals in sea urchin gonads \[[@pone.0131815.ref038]\].

In this study we investigated the effects of cadmium and manganese, at concentrations mimicking polluted sea water, on female sea urchins *P*. *lividus* exposed for 2 and 9 days and on their offspring. Here, we show that both metals differentially impaired the fertilization process causing modifications in the reproductive state. Moreover, we found an abnormal development of the offspring of exposed females associated to a rise in NO levels in gonads and changes in the transcription of several genes involved in stress response, skeletogenesis, detoxification, multi drug efflux processes and NO production.

Materials and Methods {#sec002}
=====================

Ethics statement {#sec003}
----------------

*Paracentrotus lividus* (Lamarck) sea urchins were collected in the Gulf of Naples, near Castel dell'Ovo (40° 49' 41" latitude, 14° 14' 48" longitude), from a location that is not privately-owned nor protected in any way, according to the authorization of Marina Mercantile (DPR 1639/68, 09/19/1980, confirmed by D. Lgs. 9/01/2012 n.4). The field studies did not involve endangered or protected species. All animal procedures were in compliance with the guidelines of the European Union (directive 2010/63 and following D. Lgs. 4/03/2014 n.26).

Adult acclimation, treatments and gonads collection {#sec004}
---------------------------------------------------

Sea urchins were collected during the breeding season by SCUBA divers from the Gulf of Naples, transported in an insulated box to the laboratory within 1 h after collection and maintained in tanks with circulating sea water (1 animal/5 L). The animals were acclimated for a minimum of 10 days and kept in a controlled temperature chamber at 18±2°C with 12:12 light:dark cycle. Every 3 days animals were fed *ad libitum* by using fresh macroalgae (*Ulva* sp). Feeding was interrupted 2 days before experimental sampling. Rare spontaneous spawning and mortalities were observed during the acclimation period. Females (4.1 ± 0.98 cm), identified by Dr. Davide Caramiello from the service Marine Resources for Research of the Stazione Zoologica through observation at the stereomicroscope, were selected, weighed and transferred in experimental tanks. Each tank contained a group of 6 to 8 animals, as reported in figure legends, and 5 L of sea water per animal. Females were exposed to sea water containing cadmium 10^−6^ M (0.183 mg/L) or manganese 3.6x10^-5^ M (5.83 mg/L), prepared by stock solutions of 10^−4^ M cadmium (cadmium chloride, Sigma-Aldrich, Milan, Italy) and 31.2x10^-4^ M manganese (manganese chloride tetrahydrate, Sigma-Aldrich, Milan, Italy). Metal treatments were performed for 2 and 9 days. Control experiments were carried out by keeping the animals in sea water, in the tanks, as reported above, without addition of metals. The experimental tanks were artificially aerated and kept at 18±2°C with 12:12 light:dark cycle. Twice a week animals were fed with rations meal of *Ulva* sp. and 30% of the water was removed and replaced with new sea water containing the metal at the experimental concentration. All experiments were performed at least in triplicate. After 2 and 9 days, females were collected and weighed. Ovaries were removed, weighed, washed with PBS, frozen in liquid nitrogen and kept at -80°C until analysis. Moreover, eggs from single animals were collected and fertilized as described below.

Determination of gonadosomatic index, spawning and fertilization success {#sec005}
------------------------------------------------------------------------

The gonadosomatic index (GSI) of the females was calculated as the ratio of the gonad mass to the whole-body wet mass (%). To induce gamete ejection, sea urchins were injected with 0.5 M KCl through the peribuccal membrane. Eggs from individual females were washed three times with 0.22 μm filtered sea water. Concentrated sperm was collected dry, mixing samples from at least three different males and keeping undiluted at + 4°C. 10 μL of sperm mix was diluted in 10 mL sea water just before fertilization and an aliquot (100 μL) of this solution was added to 100 mL of egg suspension. Sperm to egg ratio was 100:1 for both controls and treated embryos. The fertilization success was approximately 90%. The spawning was determined as the ratio between the number of spawning females and the total number of females (%). The fertilization success was calculated as the ratio of the fertilized eggs observed at the first division (1h) respect to the number of total eggs (%).

Gamete collection, embryo culture, treatments and morphological analysis {#sec006}
------------------------------------------------------------------------

Animals were sacrified and gonads were gently washed to allow egg release. The fertilization procedure was as described by Migliaccio et al. \[[@pone.0131815.ref010]\] with slight modifications. Briefly, eggs were collected from treated and control females and kept in sea water. The sperm from 3 control males was pooled and maintained dried in an eppendorf in cold conditions (+ 4°C) until fertilization. Diluted sperm (1:1000) was added to 100 mL of egg suspension (15000 eggs). Sperm to egg ratio were 100:1 for both controls and treated embryos. The mixture was carefully stirred to allow fertilization to take place. Five min after fertilization, eggs from treated animals were divided in two different groups. The eggs from the first group were reared in normal sea water whereas the eggs of the second group were reared in metal-containing sea water (cadmium 10^−6^ M or manganese 3.6 x 10^−5^ M). As control, eggs from females, maintained in tanks without metals for 2 and 9 days, were fertilized in sea water with a fertilization success approximately of 90%. Fertilized eggs were allowed to develop in a controlled temperature chamber at 18±2°C and 12:12 light:dark cycle. The development was followed by inverted microscope (Zeiss Axiovert 135 TV) until the pluteus stage, approximately 48 hours post fertilization (hpf). Morphological observations were performed on plutei fixed in 4% formalin. Embryos were considered normal if they reached the pluteus stage of development, exhibited good body symmetry, showed fully developed skeletal rods and displayed a well differentiated gut. All the morphologies that did not satisfy the above-mentioned criteria were grouped and referred to as abnormal \[[@pone.0131815.ref016], [@pone.0131815.ref039], [@pone.0131815.ref040]\].

NO determination {#sec007}
----------------

The endogenous NO levels were measured by monitoring nitrite formation by Griess reaction \[[@pone.0131815.ref010], [@pone.0131815.ref041]\]. Collected ovaries, washed in PBS and frozen in liquid nitrogen, were homogenized in 20 volumes of PBS and centrifuged at 25,000 x g for 20 min at + 4°C. The supernatants were analyzed for nitrite content. Sea urchin developing embryos were collected at different developmental stages (early blastula, swimming blastula, prism and pluteus stages) by centrifugation at 1800 g for 10 min in a swing out rotor at + 4°C. The pellet was washed with PBS, frozen in liquid nitrogen and kept at -80°C until use. Samples were homogenized in PBS (1:2 w/v) and centrifuged (12,000 g for 30 min at 4°C) and the supernatants were analyzed for nitrite content.

RNA extraction and cDNA synthesis {#sec008}
---------------------------------

Embryos at different stages of development (about 1500) were collected by centrifugation as described above. Total RNA was extracted from each developmental stage, namely: early blastula, swimming blastula, prism and pluteus, using RNAqueous-Microkit (Ambion) according to the manufacturer's instructions. The amount of total RNA extracted was estimated by the absorbance at 260 nm and the purity by 260/280 and 260/230 nm ratios by Nanodrop (ND-1000 UV--Vis Spectrophotometer; NanoDrop Technologies). The integrity of RNA was also evaluated by agarose gel electrophoresis. Intact rRNA subunits (28S and 18S) were observed on the gel indicating minimal degradation of the RNA. For each sample, 600 ng of total RNA extracted was retrotranscribed with iScript cDNA Synthesis kit (Biorad), following the manufacturer's instructions. cDNA was diluted 1:5 with H~2~O prior to use in Real Time qPCR experiments.

Gene expression by real time qPCR {#sec009}
---------------------------------

Real time qPCR experiments were performed on the offspring of sea urchin females exposed to cadmium and manganese for 2 and 9 days, with respect to the offspring of females reared in sea water in the absence of metals. The data from each cDNA sample were normalized using *Pl-Z12-1* as reference gene, because its level remained constant during development \[[@pone.0131815.ref010], [@pone.0131815.ref042]\]. The following genes were analyzed: *hsp70*, *hsp60*, *hsp56*, *sm30*, *sm50*, *p16*, *p19*, *msp130*, *bmp5-7*, *fg9/16/20*, *mt4*, *mt5*, *mt6*, *mt7*, *mt8*, *abc1a*, *abc4a*, *abc1b*, *abc8b* and *nos*. For all genes we used primers reported in Migliaccio et al. \[[@pone.0131815.ref010]\]. Diluted cDNA was used as a template in a reaction containing a final concentration of 0.3 μM for each primer and 1× FastStart SYBR Green master mix in a total volume of 10μL. PCR amplifications were performed in a ViiA7 Real Time PCR System (Applied Biosystems) thermal cycler using the following thermal profile: 95°C for 10 min, one cycle for cDNA denaturation; 95°C for 15 s and 60°C for 1 min, 40 cycles for amplification; 72°C for 5 min, one cycle for final elongation; one cycle for melting curve analysis (from 60°C to 95°C) to verify the presence of a single product. Each assay included a no-template control for each primer pair. To reduce intra-assay variability all Real Time qPCR reactions were carried out in triplicate. Moreover, at least 3 biological replicates were performed. Fluorescence was measured using ViiA7 Software (Applied Biosystems). The expression of each gene was analyzed and internally normalized against *Pl-Z12-1* using Relative Expression Software Tool software (REST) based on the method by Pfaffl et al. \[[@pone.0131815.ref043]\]. Relative expression ratios equal or greater than two fold were considered significant.

Statistical analysis {#sec010}
--------------------

Data are presented as means ± SD. Two-way ANOVA (*P* \< 0.05) with Bonferroni post hoc test was used to analyze data. Statistics was performed with GraphPad Prism 4.0 for Windows (GraphPad Software, San Diego, CA, USA). For Real Time qPCR analysis, significance was tested using the "Pair Wise Fixed Reallocation Randomisation Test", developed by REST software \[[@pone.0131815.ref043]\]. The number of experiments is reported in figure legends.

Results {#sec011}
=======

Effects of cadmium and manganese on reproductive state and nitric oxide (NO) production in *P*. *lividus* females {#sec012}
-----------------------------------------------------------------------------------------------------------------

Selected females were exposed for 2 and 9 days to cadmium 10^−6^ M and manganese 3.6 x 10^−5^ M. These metal concentrations were shown to be sublethal for developing *P*. *lividus* embryos, inducing a small percentage of abnormal plutei (28--29%) after treatment of fertilized eggs \[[@pone.0131815.ref010]\]. Then, the reproductive state was assessed by determination of gonadosomatic index (GSI), spawning and fertilization success. Moreover, NO content was measured in the ovaries as total nitrite by Griess assay. The exposure of sea urchin females to cadmium for 2 days caused a significant reduction in spawning ([Fig 1C](#pone.0131815.g001){ref-type="fig"}), fertilization success ([Fig 1D](#pone.0131815.g001){ref-type="fig"}) and NO production ([Fig 1B](#pone.0131815.g001){ref-type="fig"}), compared to the respective controls, females reared in sea water without metals. No effect was observed on GSI ([Fig 1A](#pone.0131815.g001){ref-type="fig"}). After 9 days, all parameters were affected by metal treatment. In particular, a significant reduction in GSI ([Fig 1A](#pone.0131815.g001){ref-type="fig"}), NO production ([Fig 1B](#pone.0131815.g001){ref-type="fig"}), spawning ([Fig 1C](#pone.0131815.g001){ref-type="fig"}) and fertilization success ([Fig 1D](#pone.0131815.g001){ref-type="fig"}) was recorded in cadmium-exposed sea urchins compared to the respective controls. Manganese exposure caused a decrease in NO levels at both experimental times ([Fig 1B](#pone.0131815.g001){ref-type="fig"}) and only a reduction in spawning after 9 days of treatment ([Fig 1C](#pone.0131815.g001){ref-type="fig"}).

![Reproductive state and nitric oxide (NO) production in *P*. *lividus* females exposed to cadmium and manganese.\
GSI (A), total NO concentration (B), spawning (C) and fertilization success (D) in females exposed to cadmium (Cd) 10^−6^ M and manganese (Mn) 3.6 x 10^−5^ M for 2 and 9 days. Significant differences compared to the controls (sw 2 and 9 days): \*P\<0.05, \*\*\*P\<0.001. Two-way ANOVA, Bonferroni's post test (P\<0.05). N = 8.](pone.0131815.g001){#pone.0131815.g001}

Effects of cadmium and manganese on offspring of exposed *P*. *lividus* females {#sec013}
-------------------------------------------------------------------------------

To investigate the effects of cadmium and manganese on the progeny of exposed sea urchins, the development of the offspring from females exposed to cadmium 10^−6^ M or manganese 3.6 x 10^−5^ M for 2 and 9 days and reared in the absence or in the presence of the metal was followed by morphological analysis, NO production and gene expression. We considered as control the offspring of females kept during the whole experimental period in sea water without addition of metals. Morphological analysis was performed at the pluteus stage, whereas NO production and gene expression were examined at different developmental stages: early blastula, swimming blastula, prism and pluteus.

### Morphological analysis {#sec014}

For morphological analysis, we considered as normal plutei cone-shaped larvae with four fully developed arms and complete skeletal rods, whereas larvae with defects in arm and skeleton elongation and developmentally delayed were named abnormal, as previously described \[[@pone.0131815.ref010]\]. The exposure of females to both cadmium and manganese resulted in an increase in the percentage of abnormal plutei in the progeny ([Fig 2A](#pone.0131815.g002){ref-type="fig"}). In particular, the offspring of females exposed to cadmium 10^−6^ M reared in sea water showed 78±4.2% and 92±3.7% of abnormal plutei after 2 and 9 days respectively ([Fig 2A](#pone.0131815.g002){ref-type="fig"}), compared to the respective controls (7±1.2 and 9±0.73%). Defects were found in both arms and apex. The arms appeared often malformed or absent, whereas skeletal rods of the apex were folded, crossed or separated ([Fig 2B](#pone.0131815.g002){ref-type="fig"}). An increase in the number and type of abnormalities was found in the offspring of exposed females reared in the presence of cadmium with a percentage of abnormal plutei of 93±7.23 and 99±0.54% after 2 and 9 days, respectively, compared to controls in the absence of cadmium ([Fig 2A](#pone.0131815.g002){ref-type="fig"}). Larvae appeared severely affected by metal treatment with high percentage of gastrula and prism-like stages and arrested embryos ([Fig 2B](#pone.0131815.g002){ref-type="fig"}). The exposure of females to manganese 3.6 x 10^−5^ M also caused abnormality in the offspring. In details, the embryos generated from those females and reared in sea water reached values of abnormalities of 29±3.23 and 39±4.65 after 2 and 9 days, respectively ([Fig 2A](#pone.0131815.g002){ref-type="fig"}), compared to the respective controls, offspring of females kept during the whole experimental period in sea water without metal. The abnormalities regarded especially the arms which appeared shorter than normal or malformed and the skeletal rods of the apex which were crossed or separated ([Fig 2B](#pone.0131815.g002){ref-type="fig"}). As in the case of cadmium treatment, an increase in the percentage and type of abnormalities was found in embryos reared in the presence of manganese which reached the values of 42±2.12 and 75±1.9% after 2 and 9 days, respectively, compared to controls. Larvae appeared much smaller in size and defects were found in both arms and apex ([Fig 2B](#pone.0131815.g002){ref-type="fig"}).

![Morphological analysis of the progeny of *P*. *lividus* females exposed to cadmium and manganese.\
Females were treated for 2 and 9 days with cadmium (Cd) 10^−6^ M and manganese (Mn) 3.6 x 10^−5^ M, as described in Materials and Methods. Offspring was reared in sea water (sw) or in the presence of the metal. The development was monitored after 48 hpf. A. Percentage of normal and abnormal plutei; B. Representative pictures of the main abnormalities (bar = 100 μm). Significant differences compared to the control \*\**P*\<0.01, \*\*\**P*\<0.001; Two-way ANOVA (*P*\<0.05), with Bonferroni's Post Test. Light grey: normal plutei; dark grey: abnormal plutei. N = 8.](pone.0131815.g002){#pone.0131815.g002}

### NO production {#sec015}

We examined the different developmental stages of the offspring of females exposed to cadmium and manganese for NO content, measured as total nitrite. As shown in [Fig 3](#pone.0131815.g003){ref-type="fig"}, the offspring of females treated for 2 days with cadmium 10^−6^ M and reared in normal sea water showed a significant increase in total nitrite with respect to the control, only at the pluteus stage, whereas embryos reared in the presence of cadmium showed increased NO production at the swimming blastula, prism and pluteus stages, compared to the respective controls. After 9 days of cadmium exposure, offspring reared in sea water without metal, showed a decreased NO production at the early blastula and prism stages, compared to the respective controls, whereas embryos reared in the presence of cadmium exhibited an increased NO production at all developmental stages ([Fig 3A](#pone.0131815.g003){ref-type="fig"}), compared to the controls. Also manganese affected the production of NO. In fact, the offspring of females exposed for 2 days to manganese, reared in sea water, showed a reduction in total nitrite at the early blastula stage, whereas at all other developmental stages a significant increase was revealed compared to the controls. Also offspring reared in manganese-containing sea water showed an increased NO production at the swimming blastula, prism and pluteus stages, with respect to the controls ([Fig 3B](#pone.0131815.g003){ref-type="fig"}). The offspring reared for 9 days in normal sea water showed a significant increase in NO production at the pluteus stage. On the contrary, embryos reared in sea water containing manganese increased total nitrite at almost all developmental stages, except at the prism stage, compared to the respective controls.

![Total NO concentration in the progeny of *P*. *lividus* females exposed to cadmium and manganese.\
Different developmental stages of the offspring of females treated with cadmium (Cd) 10^−6^ M (A) or manganese (Mn) 3.6 x 10^−5^ M (B) for 2 and 9 days and reared in sea water (SW) or in SW containing metals were examined for nitrite content, as reported in Material and Methods. Significant differences compared to the respective control (SW 2 and 9 days) \**P*\<0.5, \*\**P*\<0.01, \*\*\**P*\<0.001. Two-way ANOVA, Bonferroni's post test (*P*\<0.05). N = 6.](pone.0131815.g003){#pone.0131815.g003}

### Gene expression {#sec016}

Further experiments were performed to evaluate possible variation in the expression of genes involved in several processes, such as stress response (heat shock proteins *hsp70*, *hsp60* and *hsp56*), skeletogenesis (spicule matrix proteins *sm30*, *sm50* and *msp130*, the growth factor *bmp5-7*, the proteins involved in skeleton formation *p16* and *p19*, the fibroblast growth factor *fg9/16/20*), detoxification (metallothioneins *mt4*, *mt5*, *mt6*, *mt7* and *mt8*), multidrug efflux (abc transporter *abc1b*, *abc4a*, *abc8b*, *abc1a*) and NO production (*nos*). Their expression was followed at the different developmental stages in the offspring of females exposed to cadmium ([Fig 4](#pone.0131815.g004){ref-type="fig"}, [S1 Table](#pone.0131815.s001){ref-type="supplementary-material"}) and manganese ([Fig 5](#pone.0131815.g005){ref-type="fig"}, [S1 Table](#pone.0131815.s001){ref-type="supplementary-material"}) for 2 (A,B) and 9 days (C,D) and reared in sea water without metal (A,C) and in sea water containing metal (B,D). The data, obtained by Real Time qPCR, were normalized using as reference gene *Pl-Z12-1* and expressed with respect to the control values, offspring of females kept during the whole experimental period in sea water without addition of metals.

![Gene expression analysis in the progeny of *P*. *lividus* females exposed to cadmium 10^−6^ M for 2 days (A,B) and 9 days (C,D).\
The embryos were reared in sea water (A,C) and in cadmium-containing sea water (B,D). Data are reported as a fold difference in the expression levels of the analyzed genes, compared to controls (mean ± SD), offspring of females kept during the whole experimental period in sea water without addition of metal. Fold differences equal or greater than ± 2 (see horizontal guidelines at values of 2 and---2) were considered significant. Experiments were repeated at least on 3 biological replicates.](pone.0131815.g004){#pone.0131815.g004}

![Gene expression analysis in the progeny of *P*. *lividus* females exposed to manganese 3.6 x 10^−5^ M for 2 days (A,B) and 9 days (C,D).\
The embryos were reared in sea water (A,C) and in manganese-containing sea water (B,D). Data are reported as a fold difference in the expression levels of the analyzed genes, compared to controls (mean ± SD), offspring of females kept during the whole experimental period in sea water without addition of metal. Fold differences equal or greater than ± 2 (see horizontal guidelines at values of 2 and---2) were considered significant. Experiments were repeated at least on 3 biological replicates.](pone.0131815.g005){#pone.0131815.g005}

The offspring of females exposed to cadmium for both 2 and 9 days showed a great variation in gene expression when embryos were reared in sea water ([Fig 4A and 4C](#pone.0131815.g004){ref-type="fig"}, [S1 Table](#pone.0131815.s001){ref-type="supplementary-material"}) or in cadmium-containing sea water ([Fig 4B and 4D](#pone.0131815.g004){ref-type="fig"}, [S1 Table](#pone.0131815.s001){ref-type="supplementary-material"}), with respect to controls. In details, among the stress genes, *hsp70* was up-regulated in almost all developmental stages in the offspring of females exposed to cadmium for 2 or 9 days and reared both in sea water and in cadmium-containing sea water. The expression of *hsp60* and *hsp56* was up-regulated only at some developmental stages: *hsp60* at the early and swimming blastula (offspring of females exposed to cadmium for 2 days and reared in sea water and in cadmium-containing sea water, respectively) and *hsp56* at the swimming blastula and prism (offspring of females exposed to cadmium for 2 or 9 days and reared in metal-containing sea water, respectively). Among the skeletogenic genes, the spicule matrix protein 30, *sm30*, was up-regulated only at the early blastula and swimming blastula stages both in the offspring of females exposed for 2 days and reared in sea water and in cadmium-containing sea water. On the contrary, in the offspring of females exposed to cadmium for 9 days, this gene was down-regulated at all developmental stages when embryos were reared in cadmium-containing sea water and only at the prism and pluteus stages when development was performed in the absence of metal. Up-regulation of *sm50* was found only at the early blastula and swimming blastula stages in the offspring of females exposed to cadmium for 2 days and reared in sea water. A variation in the expression of *msp130* was mainly found in the offspring of females treated with cadmium for 2 or 9 days and reared in metal-containing water. The expression of *p16* and *p19* was also affected by the treatments. In the offspring of females exposed to cadmium for 2 days both genes were up-regulated at the initial stages (early and swimming blastula) and down-regulated at the prism and pluteus stages. The same trend (up-regulation at the initial stages and down-regulation at later stages) was observed for *p16* in the offspring of females exposed to cadmium for 9 days and reared in the presence of metal, whereas the expression of *p19* under these conditions increased only at the pluteus stage. The expression of *fg9/16/20* increased at early developmental stages in all experimental conditions. Among detoxification genes, the expression of metallothioneins increased to a different extent at almost all developmental stages in the offspring of females exposed to cadmium for 2 or 9 days and reared in metal-containing sea water. However, their expression was also up-regulated at some stages when development was performed in sea water without metal, except *mt4* which is down-regulated at the prism stage in the offspring of females exposed to cadmium for 2 days. Also the multidrug efflux genes showed variations in their expression following the different treatments. The transporters *abc1b* and *abc8b* were mostly down-regulated at different developmental stages and experimental conditions, except in some few conditions when they are up-regulated. The gene *abc1a* was always up-regulated at some developmental stages, whereas the expression of *abc4a* changed according to the time of adult exposure and developmental conditions. In the offspring of females exposed to cadmium for 2 days and reared in sea water or in metal-containing sea water the gene *abc4a* was up-regulated at the early and swimming blastula stages and down-regulated at late developmental stages. When females were exposed for 9 days, the offspring showed an up-regulation of this gene at all stages and conditions. The expression of *nos* was slightly affected only in the offspring of females exposed to cadmium for 2 days and reared in sea water and in cadmium-containing sea water.

In the presence of manganese, the greater effect on gene expression was found in the offspring after treatment with the metal for prolonged time ([Fig 5](#pone.0131815.g005){ref-type="fig"}, [S1 Table](#pone.0131815.s001){ref-type="supplementary-material"}). In detail, the expression of only *p19* was slightly affected in the offspring of females exposed for 2 days and reared in sea water ([Fig 5A](#pone.0131815.g005){ref-type="fig"}). When embryos were allowed to develop in manganese-containing seawater the expression of many genes was modified ([Fig 5B](#pone.0131815.g005){ref-type="fig"}). Among stress genes, *hsp70* was up-regulated at the swimming blastula, prism and pluteus stages, whereas *hsp60* only at the swimming blastula and prism stages. The expression of *sm30* decreased at the early and swimming blastula stages, while *sm50* was down-regulated only at the early blastula stage. Moreover, *mt7* and *mt8* were slightly up-regulated at the swimming blastula stage. Among the *abc* transporter, *abc4a* was up-regulated at the early blastula and prism stages and *abc1a* at the early blastula and pluteus stages. The offspring of females exposed for 9 days and reared in sea water showed an up regulation of some genes mostly at the early and swimming blastula stages. At the early blastula stage, *hsp60*, *sm50*, *msp130*, *p16*, *p19*, *fg9/16/20*, *abc4a* and *abc1a* were up-regulated. At the swimming blastula stage, *hsp70*, *hsp60*, *msp130*, *p16*, *p19* and *abc4a* increased their expression ([Fig 5C](#pone.0131815.g005){ref-type="fig"}). When embryos were reared in sea water containing manganese, the expression of these genes also changed ([Fig 5D](#pone.0131815.g005){ref-type="fig"}). However, under these conditions, *sm50* was down-regulated at the early blastula stage and up-regulated at the swimming blastula and prism stages. Moreover, *sm30* was down-regulated at all developmental stages and *mt8* and *abc1b* are slightly up-regulated at the pluteus and early blastula stages, respectively. The expression of *nos* was not modified by manganese treatment at all developmental stages analyzed.

Discussion {#sec017}
==========

The results of this study on the effects of cadmium and manganese exposure for 2 and 9 days on *P*. *lividus* females and their offspring greatly expanded previous investigations on the impact of toxic metals on adult sea urchins \[[@pone.0131815.ref036], [@pone.0131815.ref044]--[@pone.0131815.ref046]\], providing also information on the transmission of the "maternal" stress to the progeny at morphological, biochemical and molecular level.

Our findings that cadmium treatment impaired the ability of sea urchins to reproduce whereas manganese slightly affected the reproductive state indicated that the latter has "apparently" no toxic effects on adult sea urchins fertility. However, the exposure to both cadmium and manganese dramatically reduced the levels of NO in the ovaries. This signaling molecule has already been shown to mediate the response of sea urchin developing embryos to different stress agents \[[@pone.0131815.ref010], [@pone.0131815.ref034]\]. Therefore, it is likely that also manganese can affect female sea urchins defenses, although to a lesser extent than cadmium. These findings suggest that the measurements of the reproductive parameters, GSI, spawning and fertilization success, are not sufficient to assess the health of sea urchins, as also pointed out by Au et al. \[[@pone.0131815.ref045]\], whereas the determination of NO levels may represent an additional biomarker to monitor the wellness of the animals.

An important outcome of this study was provided by the analysis of the progeny of *P*. *lividus* females exposed to the metals and reared in sea water in the presence or in the absence of metals. Our findings clearly indicated that females exposed to cadmium and manganese produced an offspring with an high proportion of abnormal larvae also when the development was performed in normal sea water. As expected, the abnormalities increased with the time of female exposure and in the presence of the metal during embryo development. Phenotypic analysis of the progeny of females treated with environmentally relevant concentrations of cadmium and manganese confirmed previous results of a lower toxicity of manganese compared to cadmium \[[@pone.0131815.ref010],[@pone.0131815.ref016]\]. Moreover, a general increase in NO levels especially at later developmental stages was found, similarly to the increase obtained by exposing directly developing embryos to the metals after fertilization \[[@pone.0131815.ref010]\]. However, an important result of this study was that with both cadmium and manganese, metal toxicity was exacerbated by maternal treatment. In fact, the percentage of abnormal plutei from treated females was much higher than those obtained when only embryos were exposed to metals \[[@pone.0131815.ref010]\]. This result suggested that maternal toxicity was transmitted to the progeny.

The present study provided first insights into the molecular mechanisms that mediate the toxic effects of cadmium and manganese on the progeny of exposed sea urchins. After maternal cadmium exposure for 2 days, significant changes in gene expression were found in developing embryos reared both in sea water with or without cadmium, whereas, after maternal manganese exposure for the same time, a significant modification in the expression of the selected genes was found only in developing embryos reared in sea water containing manganese. Our data, showing an up-regulation of the *hsps* in the offspring of females treated with cadmium and manganese, extend previous studies reporting the increase in hsps protein levels in larvae and adult cells or tissues of *P*. *lividus* after heat shock, X-ray, UVB, cadmium and manganese exposure \[[@pone.0131815.ref030], [@pone.0131815.ref047]--[@pone.0131815.ref051]\]. During the induction of heat shock proteins, cells are refractory to the toxicity of various agents and their protection is partially due to the inhibition of apoptosis \[[@pone.0131815.ref052]\]. The accumulation of damaged proteins acts as a signal for the induction of stress response and/or activation of the apoptotic program \[[@pone.0131815.ref053]\]. However, if the concentration of heat shock proteins is not enough to block the toxic effect of the metal, cells undergo to apoptosis \[[@pone.0131815.ref054]\]. Therefore, the up-regulation of *hsps* transcriptional levels confirms the activation of a defence mechanism to protect developing embryos against metals. Also the expression levels of some skeletogenic genes were modified by metal treatments. Sea urchin larvae have a simple skeleton consisting of a small number of spicules \[[@pone.0131815.ref055]\]. The skeleton is composed of magnesia calcite and spicule matrix proteins \[[@pone.0131815.ref056]\]. The cells responsible for the skeleton formation are the primary mesenchyme cells (PMCs), which synthesize specific marker proteins, including msp 130, a cell surface glycoprotein likely involved in calcium transport \[[@pone.0131815.ref057]\], sm30 encoding an acidic glycoprotein of the spicule matrix \[[@pone.0131815.ref058]\], sm50 encoding a basic non glycosylated protein \[[@pone.0131815.ref059]\], found in Golgi and small vesicles, p16 and p19, small proteins involved in the formation of the biomineralized skeleton in embryos and adults \[[@pone.0131815.ref060]\]. The observed variations in the expression of these genes may be due to the need to carry on the development under stressful conditions. In fact, the expression of the skeletogenic genes has been reported to be affected by other stressors, such as X-rays \[[@pone.0131815.ref050]\], high CO~2~ \[[@pone.0131815.ref061]\], heat shock \[[@pone.0131815.ref062]\], decadienal \[[@pone.0131815.ref034], [@pone.0131815.ref063]\], UVB exposure \[[@pone.0131815.ref049]\]. The finding that the expression level of the growth factor *bmp5-7* was not affected by cadmium or manganese treatment is in line with previous data showing that this gene is not involved during skeletogenesis \[[@pone.0131815.ref010],[@pone.0131815.ref064]\]. Metals exposure also caused variations in the expression rate of the fibroblast growth factor *fg9/16/20*, coding for a protein involved in PMC migration and skeletal morphology, prefiguring the branching pattern of the skeleton. The inhibition of the production of these transcripts has a dramatic effect on sea urchin biomineralization because it leads to the absence of skeleton \[[@pone.0131815.ref065]\]. The observed up-regulation of this gene following cadmium and manganese treatment could prevent the inhibition of calcification in the PMCs, as also reported during CO~2~ exposure \[[@pone.0131815.ref066]\]. Metals are also responsible for the variation in the expression of genes which may be involved in detoxification processes such as metallothioneins and abc transporters. Our finding that the expression of *mts* increased in the offspring of females exposed to cadmium and manganese and reared in metal-containing sea water confirmed that elevated expression of these proteins was a hallmark of metal exposure \[[@pone.0131815.ref067]\]. The abc-transporters are a conserved family of membrane proteins that use ATP to move compounds across membranes in both adult and embryo. They can transport peptides, metals, xenobiotics and ions necessary for homeostasis, protection, and signalling \[[@pone.0131815.ref068]\]. Sea urchin embryos use different abc-transporters during the early developmental stages. The importance of the abc-transporters in the response to environmental stress was demonstrated by Kurelec \[[@pone.0131815.ref069]\]. In particular, the authors showed that abc-transporters can protect organisms from several pollutants. Several studies demonstrated the modulation of *abc* genes and transport activities. In piscine cell line, for example, after 24h of exposure to four different metals (CdCl~2~, HgCl~2~, As~2~O~3~ or K~2~Cr~2~O~7~) the *abcc2--4* genes were dose-dependently up-regulated by all metals, while *abcb1* and *abcc1* were less affected \[[@pone.0131815.ref070]\].

Analysis of the different classes of genes revealed little variations in the number and type of genes affected in embryos reared in cadmium-containing sea water, compared to embryos reared in sea water without metal, at both times of exposure ([Fig 6](#pone.0131815.g006){ref-type="fig"}). The situation was different in the offspring of females treated with manganese. When females were exposed for short periods (2 days) almost all classes of genes were affected only when offspring was reared in sea water containing manganese. At longer time of treatments (9 days) also in the offspring reared in sea water without metals the majority of classes of genes was regulated. The different response at gene level of sea urchin developing embryos from females exposed to cadmium and manganese is correlated to the different nature of these metals. Indeed, cadmium is a known heavy metal, toxic even at very low concentrations \[[@pone.0131815.ref071]\] and without any biological role, whereas manganese is a naturally occurring metal required in trace amounts by the organisms, toxic only at high levels. These results again confirmed the higher toxicity of cadmium compared to manganese. On the other hand, after maternal treatments for longer periods (9 days), the offspring of females exposed to both cadmium and manganese showed a great variation in the expression of the majority of the selected genes, indicating that the time of maternal exposure affects the molecular response of the offspring. However, considering that gene expression is only a part of the cascade processes leading to the elevated expression of a protein, future studies should be directed to obtain a clear picture of the dynamics of the defensome systems in *P*. *lividus* by investigating the protein expression patterns.

![Synopsis of the patterns of up- and down-regulation of different classes of genes in the offspring of *P*. *lividus* females exposed to cadmium (Cd) or manganese (Mn) for 2 and 9 days.\
The two arrows indicate the up- or down-regulation of genes in different developmental stages.](pone.0131815.g006){#pone.0131815.g006}

The variations in gene expression in the offspring of treated females could be correlated to changes in the endogenous levels of NO that, as we have previously shown \[[@pone.0131815.ref010]\], are able to affect gene expression in sea urchin developing embryos treated with cadmium and manganese after fertilization. In fact, a significant increase in NO production was found in the different developmental stages of the offspring derived from exposed females. The increase of NO could derive both by stimulation of nos activity e.g. by intracellular calcium concentration \[[@pone.0131815.ref072]\] or by regulation at the transcriptional level. Indeed, the slight up-regulation of *nos* at early developmental stages in the progeny of females exposed to cadmium for 2 days and the increase of NO levels at late stages may be explained with an early transcriptional regulation of *nos* gene, responsible for the later NO production. However, further investigation should be performed, by using NOS inhibitors and NO donors, to evaluate the differences found in embryos treated after fertilization \[[@pone.0131815.ref010]\] and the offspring of treated females (this work). Interestingly, *nos* was up-regulated in the offspring only when the metal treatment was performed on the females and not when fertilized eggs were treated with metals \[[@pone.0131815.ref010]\]. One speculation could be related to the presence of a sensitization mechanism in the offspring of treated females, in which *nos* is fast up-regulated in response to the metal.

In conclusion, our finding that cadmium and manganese, at environmentally relevant concentrations (10^−6^ M and 3.6 x 10^−5^ M, respectively) negatively affected both *P*. *lividus* females reproductivity and development of their progeny is of considerable ecological relevance, considering that maternal exposure to contaminants can impair reproduction and on a large-scale and long-term can affect recruitment of sea urchin populations habiting areas potentially exposed to contaminants (e.g. coastal or industrial zone).
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###### Variation in gene expression in the offspring of females exposed to cadmium and manganese.

Different developmental stages of the offspring of females exposed to cadmium (Cd) and manganese (Mn) for 2 and 9 days and reared in sea water (SW) and in metal-containing SW were examined for gene expression. Values (mean ± SD) equal or greater than ± 2 are reported as a fold difference in the expression levels of the analyzed genes, compared to controls, offspring of females kept during the whole experimental period in sea water without addition of metal. Experiments were repeated at least on 3 biological replicates.
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